The question of the mechanism for solar-variability effects on weather and climate can be separated into (1) the identification of the carrier of the solar variability and (2) . This is to be expected, based on the hypothesis that particles with energy about 100-1000 MeV are the external forcing function for the tropospheric response, since large solar flares increase the particle flux and ionization and minor species production in the lower stratosphere, whereas Forbush decreases reduce them. The mechanism or mechanisms linking changes in low-energy GCR and other particles in this energy range of 100-1000 MeV to tropospheric temperature and dynamic responses have not been identified. This can be attributed to current uncertainties regarding the microphysical and electrical properties of aerosols and clouds. One possibility is that changes in clouds lead to changes in cloud radiative forcing. The height distribution of the tropospheric response and the amount of energy involved and the rapidity of the time response suggest that the release of latent heat could also be involved. These could lead to the observed tropospheric responses which are understandable in terms of changes in the intensity of cyclonic disturbances. Theoretical considerations link such changes to the observed latitudinal movement of the jet stream.
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heights to large solar flares were found by Schuurmans [1965, 1979] and by $chuurmans and Oort [1969] . The most comprehensively studied short-term changes are those of the vorticity area index (VAI), which is an objective measure of the intensification of cyclonic storms and the deepening of low-pressure troughs. The index was defined by Roberts and Olson [1973] , following earher work on the relationship between magnetic storms and tropospheric storms in the Gulf of Alaska (see Macdonald and Roberts [1960] , who also discussed possible amplifying effects of cloud microphysical processes). Wilcoz et al. [1973, 1974] found decreases by 5-10% in the VAI, reaching a minimum the day after solar wind magnetic sector boundaries (SBs) crossed the Earth's location. The effect was greatest at the 300-mbar level, extending downward to about 850 mbar and upward to about 100 mbar. Olson et al. [1975] examined the VAI response to large solar flares (defining day 0) and found that by day I or 2 the northern hemisphere VAI had increased sharply to 5-10% above its background level, and by day 3 or 4 it had decreased to a value 5-10% below its prefiare level. By day 5 or 6 the VAI recovered to the background level.
The evidence for the reality of a solar variabilityweather connection is strong on each of these three time scales, and the main unresolved issue is the nature of the physical processes involved. This problem can be separated into two parts: the first is to identify the carrier or carriers of the solar variability to the lower atmosphere, and the second is to determine the mechanism or mechanisms that produce a very large energy amplification in the troposphere. In this paper we address the hypothesis that low-energy galactic cosmic rays (GCR) of about 100-1000 MeV, supplemented at times by solar protons and other particles in the same energy range, are the primary carrier of solar variability to the lower atmosphere.
In spite of the fact that the amount of energy in the GCR flux variations is almost the smallest of any of the candidates for carriers discussed by Newkirk [1982] , this hypothesis is attractive for three reasons' 1. The main ionization and chemical minor species production associated with these particles is at 10-20 km altitude, which is low enough to influence the troposphere.
2. Variations of amplitude of order 10-100% are present in the low-energy GCR, and it is not necessary to postulate highly nonlinear or triggered or bistable processes; essentially linear amplification processes are sutticient.
3. There are GCR variations that match the meteorological and climate responses on all three of the time scales discussed earlier. On the century time scale the decade of the 1690s in the coldest part of the "little ice age" coincided with a peak in the 14C and løBe production from GCR; the latter was 70% above levels before and after, according to measurements of concentrations in Greenland ice cores [Attolini et al., 1988] .
There is an 11-year variation by about 50% in the GCRproduced ionization near tropopause heights and an l 1-year variation by a factor of about 10 in its dayto-day variability [Pomerantz and Duggal, 1974 than might have been expected. Since the coincidences were spread through the -4-2 -day intervals, some of the broadening of the responses and some of the noise that is apparent in a given VAI plot appear to be due to uncertainties in timing and uncertainties in identifying and isolating all of the variability in the solar carrier.
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PLAUSIBILITY OF GCR AS CARRIERS OF SOLAR VARIABILITY TO THE LOWER ATMOSPHERE
The behavior of GCR and meteorological variables in Figures 1-4 also strongest in winter. Schuurmans [1979] found that these flares were followed by a zonally averaged 500-mbar height decrease at high latitudes in both northern and southern hemispheres, with a height increase for the lower latitudes. This height change would be associated with a change in zonal winds and vorticity, with the effect equivalent to an increase in VAI. That flares in fact produce an increase in VAI was demonstrated by Olson et al. [1975] , who found an increase in VAI by 5-10% on day I and 2 following 94 large flares in winters 1955-1969. The increase changed to a decrease on days 3-4, which is when magnetic storm activity and Forbush decreases would be occurring. Thus the dynamical response for the flares was also opposite to that for Forbush decreases. The two opposite perturbations to the temperature profiles in fact are just like those associated with the passage of surface highs and lows [Haurwitz, 1941] .
A large fractio n of solar flares are associated with proton fluxes in the 100-to 1000-MeV range that enter the high-latitude regions and have the opposite effect to Forbush decreases; that is, they increase, rather than decrease, the production of ionization and chemical minor species in the lower stratosphere. Thus we see that the flare response, combined with the Forbush decrease response, strongly supports the hypothesis that the external forcing function for the tropospheric response is particles in an energy range of approximately 100-1000 MeV. A further deduction is that several hypotheses, that magnetic storm fluctuating electric fields or keV auroral particle precipitation or other effects associated with magnetic storms are the forcing function for the short-term solar variability, are excluded by the flare response occurring in their absence. Also, the hypothesis of the forcing being due to flare X ray and UV is excluded by the absence of any (negative) excursions of these during magnetic storms. Finally, we see that the "early" and "late" Smith [1988] found that the effect of releases of latent heat in their simulated cyclonic disturbances was to intensify the storm and cause the downwind storm track to shift poleward.
DISCUSSION OF POSSIBLE RESPONSES OF CLOUD MICROPHYSICS AND CLOUD ELECTRIFICATION
The purpose of this section is to point out that a number of possible cloud processes have been suggested in which amplification of a small GCR signal could conceivab]y influence latent heat release and the radiation balance, through changes in cloud albedo and absorptivity. However, there is a lack of definitive observations and accepted theoretical models for the cloud electrification and cloud microphysical processes involved, which would permit evaluation of the effects of variable ionization and chemical production by low-energy GCR. Thus it is difficult to show that any specific cloud microphysical process responding to GCR variability would produce the observed atmospheric dynamical responses, and it is not the intent to evaluate the likelihood of any here. It is not the case that general limits on available energy or on amplification factors have been established that would rule out such processes. Research on a broad front is required to evaluate a number of speculative processes, of which the following is a sample related to the changes by a few tens of percent in ion production and ion concentration and conductivity in the upper troposphere and lower stratosphere:
Changes in Electric Fields
These have been discussed by Roble and Hays [1982] , Roble [1985] , Herman and Goldberg [1978b] , Markson and Muir [1980] , and Markson [1981 Markson [ , 1983 . Increases in conductivity above electrified clouds result in a greater charging current to the highly conducting "electrosphere" above 20 km, which inreases the global vertical electric field that is considered in many theories of cloud electrification to be amplified in cloud electric fields [Beard and Ochs, 1986, 
Changes in Nucleation Processes
In the height range 10-15 km at high latitudes, the major producer of nitric oxide and related compounds (in addition to ionization) is GCR [Nicolet, 1975] 
